While influenza A viral RNA is known to act as a template for the synthesis of both viral mRNA and complementary cRNA, the latter has been observed so far only to function as an intermediate in replication and give rise to progeny vRNA molecules. Here it is shown that the cRNA promoter is also capable of initiating viral mRNA synthesis, similar to vRNA-promoted transcription adhering to the cap-snatching mode of primer recruitment. Detection of cRNA promoted transcription required an inversion of the reporter gene coding sequence plus relocation of the viral polyadenylation signal. Construction of cRNA promoter variants through RNA polymerase I reverse genetics allowed us to determine the RNA polymerase-associated, base-paired conformation in a reporter gene read-out system. It again turned out to adhere to the "corkscrew" model, similar, but slightly different in its binding interactions from the corresponding vRNA conformation. The observation of two transcription reactions, initiated in either direction from influenza vRNA and cRNA template molecules, allowed us to construct bicistronic, ambisense RNA molecules for simultaneous expression of two proteins from a single segment of viral RNA.
INTRODUCTION
Eight RNA segments of negative polarity constitute the genome of influenza A virus. In the infected cells these virion RNAs (vRNAs) in a first step are transcribed by associated viral RNA polymerase into viral mRNA molecules of positive polarity, which in turn give rise to a series of viral proteins. In a second step the parental vRNA molecules are later replicated into copy RNA (cRNA) molecules also of positive polarity, in a reaction executed by the same viral enzyme (Beaton and Krug, 1986; Hsu et al., 1987; Shapiro and Krug, 1988; Fodor et al., 1994; Klump et al., 1997) . These two product RNA species differ from each other at their 5Ј and 3Ј ends. While the cRNA molecules are exactly complementary to vRNA from the first nucleotide to the last, viral mRNA molecules carry aberrant 5Ј capped sequences which originate from cellular mRNA molecules as a consequence of the cap-snatching mechanism (Krug et al., 1989; Lamb and Krug, 1996) , and their 3Ј ends are extended into poly-adenosine tails, equivalent to cellular mRNAs, but synthesized in a virus-specific reaction (Luo et al., 1991; Li and Palese, 1994; Poon et al., 1999) . The mechanism of the switch from one mode of RNA synthe-sis to the next is not well known yet, but is likely to depend on increasing concentrations of viral nucleoprotein (NP), since cRNA as well as vRNA, but not mRNA molecules are covered by NP and are present in the cell as vRNP and cRNP complexes (Biswas et al., 1998; Mena et al., 1999) . The cRNA molecules function as replication intermediates and so far are only known to give rise to progeny vRNA molecules (Ishihama and Nagata, 1988; Krug, 1983; Krug et al., 1989; Lamb and Choppin, 1983; McCauley and Mahy, 1983) in another process of complete template copying.
All three different modes of RNA synthesis require intact 5Ј and 3Ј ends of the RNA template molecules, which together act as specific binding sites for viral RNA polymerase. Initiation of transcription or replication requires a promoter region consisting of nucleotides 1-16 from the vRNA 5Ј end, and nucleotides 1 -1 5 from the vRNA 3Ј end. The same sequences in complementary cRNA are involved in initiation of vRNA synthesis, i.e., constitute the cRNA promoter (Lamb and Krug, 1996; Flick and Hobom, 1999) . Adjacent positions 17-22 at the vRNA 5Ј end are required for viral mRNA polyadenylation (Poon et al., 1999) , and the terminal vRNA promoter region is in addition also recognized in packaging of virion-destinated vRNP complexes, i.e., no separate packaging signal outside the promoter region is detectable (Tchatalbachev et al., 2001) .
The functional analysis of the influenza viral RNA promoter via reverse genetics in vivo has lead to the proposed "corkscrew" model for the 5Ј and 3Ј vRNA terminal sections in their coordinate binding to viral RNA poly-merase (Flick et al., 1996; Flick and Hobom, 1999) . In addition, various base-pair exchanges according to that model have not only restored promoter function, but resulted in increased levels of promoter activity, in particular when positions 3 and 8 in the 3Ј branch or 3 and 8 in the 5Ј branch of the vRNA promoter structure were involved in such complementary double exchanges. Among these promoter mutations, the promoter-up variant sequence as originally constructed for plasmid pHL1104 (3 :8 G:C converted into 3 :8 A:U, plus single nucleotide exchange U5 C; Neumann et al., 1995) has again been inserted here in RNA polymerase I vRNA-CAT expression plasmid pHL1844, which was employed as a reference construct throughout. Relative CAT activities measured in reference to pHL1844 allowed a more reliable determination of the various promoter mutants than did measurements in comparison to corresponding wildtype promoter constructs, which showed larger fluctuations at considerably lower levels of CAT activity.
Since the 5Ј and 3Ј terminal sequences as present in complementary cRNA molecules are largely identical to the vRNA termini constituting the vRNA promoter structure (in particular for the 1104 promoter variant), the conformation of the cRNA promoter in its binding to viral RNA polymerase might be expected to adhere to a similar corkscrew model. The remaining difference between the vRNA and cRNA terminal sequences at least within the 1104 promoter variant concerns the presence of an extra unpaired A10 residue in the vRNA 5Ј branch, which is converted into an unpaired U1 0 residue in the cRNA promoter 3Ј branch. An extra "bulge" nucleotide is required in that position for the vRNA promoter activity, even though 5Ј-A10 may be substituted by any other nucleotide without loss of transcription or packaging function (Flick et al., 1996) . While the cRNA structure carrying instead an extra nucleotide at position 1 0 in the 3Ј branch is also recognized by the same polymerase even if differently (Gonzales and Ortin, 1999) , its activated conformation required during interaction with that enzyme remained to be determined.
Experimental analysis of the polymerase-bound cRNA promoter structure requires development of a system for direct transcriptional read out and construction of series of site-directed mutations of sequence positions involved in that promoter activity. While influenza virus cRNA is only known so far to be involved in replication, the failure so far to detect cRNA transcription products if they would indeed exist in infected cells is easily explained since these would be antisense in orientation and have irregular 3Ј ends, as the cRNA template does not include a viral polyadenylation signal, i.e., a sequence of five to six uridine residues next to its 5Ј terminal promoter sequence. However, upon inversion of the reading frame of inserted reporter genes CAT or GFP together with relocation of that U 5-6 signal element from the vRNA 5Ј end to the cRNA 5Ј end the expected cRNA transcription prod-ucts have indeed been recognized via resulting synthesis of proteins and their enzymatic or fluorescence activity.
RESULTS

Transcription of wild-type and promoter-up template cRNA molecules
Reconstruction of the RNA polymerase I plasmid cDNA constructs was done via inversion of the CAT reading frame together with the adjacent T 6 (U 6 ) viral mRNA polyadenylation element. Effectively, exchanging the sixteen 5Ј-terminal viral cDNA insert base pairs for the fifteen 3Ј-terminal insert base pairs and vice versa was executed. The transcripts originating from such plasmid construct constitute cRNA molecules apt to serve as templates in viral mRNA synthesis. In a first round that reconstruction recipe has been executed for the cRNA wild-type (pHL2708) and cRNA-1104 promoter variant (pHL2583) sequences, both of which resulted in CAT activities in the DNA-transfected and helper virus infected 293T cells at 6 and 32% activity relative to the reference vRNA-1104 promoter plasmid level (pHL1844), respectively. Similar to the result obtained for wild-type vRNA promoter constructs, the wild-type cRNA promotercontrolled expression dropped upon viral passage into MDCK cells below recognition levels (in the absence of selection), while the cRNA-1104 promoter-up construct showed an increase in expression up to 55% of the vRNA-1104 expression rates (see Fig. 1 ). Again, a similar effect is observed during viral passage(s) of vRNA-1104 promoter constructs (Flick et al., 1996) . This has been ascribed to an enhanced level in promoter-controlled initiation of replication, overcoming any losses resulting from an increase in the production of genetically defective recombinant particles unable to produce any progeny in infected cells. That analogous increase in transcription rates as well as replication rates for both the cRNA and the vRNA promoters upon the same base-pair exchange G:C to A:U in one of the proposed corkscrew stems suggests, but does not yet prove, that our vRNA conformational model is also valid for the cRNA promoter structure. For further confirmation a series of single-and double-nucleotide substitutions has been carried out within the constitutive structural elements of the cRNA promoter.
Nucleotide substitution analysis in the distal element of the cRNA promoter
The distal element of the vRNA or cRNA promoter consists of on average six base pairs that are formed between complementary nucleotides 11 and 16 in the 5Ј branch and 1 0 to 1 5 in the 3Ј branch of the vRNA molecules and presumably in identical structure also between nucleotides 10 and 15 in the 5Ј branch and 1 1 to 1 6 in the 3Ј branch of influenza cRNA molecules (see Fig. 2A ). Out of these six base pairs three are observed to vary naturally between individual influenza RNA segments in complementary double substitutions. Therefore, only the three naturally invariable vRNA base pairs (11-13/1 0-1 2) have been demonstrated experimentally to restore vRNA promoter function following complementary double substitutions, while either single nucleotide substitution variant is inactive (Flick et al., 1996) .
A similar analysis of serial single-and double-nucleotide substitutions has been carried out for cRNA template promoted transcription, out of which the series concerning cRNA base-pair 11/1 2 is presented in Fig. 2B . Whereas any single substitution disrupting the potential for base pairing leads to loss of function, all complementary double substitutions such as G/C to A/U result in regaining promoter activity. While these data confirm the requirement for base pairing in the distal cRNA promoter element and much like the vRNA promoter suggests recognition by viral polymerase of a six base-pair double-stranded RNA rod without a specific interaction with any invariable nucleotide position in this region, some differences between the two analyses may be pointed out.
In the vRNA promoter analysis single substitutions resulting in a vRNA-G:U mismatch within that base-paired distal element were observed to maintain a moderate level of promoter activity, which was increased during viral propagation (Flick and Hobom, 1999) . That activity was entirely lost in the equivalent cRNA promoter constructs (see Fig. 2B , lane 6). Such a difference appears to reflect on one hand the immediate use of the single parental vRNA-G:U template molecule in infected cells for repeated rounds of transcription, as opposed to the requirement in the cRNA case for a successful initial round of replication despite a vRNA template molecule disrupted in its 6-bp element due to a central A ⅐ C mismatch. Only a resulting G:U-containing cRNA molecule would be ready to be used as template for cRNA-G:U promoted mRNA synthesis. However, a vRNA carrying an A ⅐ C mismatch in this position is known for its inactivity in vRNA transcription and replication or viral passage.
Short-range base pairing within the cRNA promoter proximal element
The most prominent feature of the corkscrew model as proposed earlier for the vRNA promoter in viral polymerase binding is the presence of 2 ϫ 2 short-range base pairs within each of the terminal 5Ј and 3Ј sequences of nine nucleotides (2:9; 3:8), which serves to expose both intervening tetranucleotide sequences (positions 4 to 7) in single-stranded fashion (Flick et al., 1996) . The same set of base-pairing interactions has been analyzed for the cRNA promoter, again through single nucleotide and complementary double-nucleotide exchanges, both for the 3Ј and the 5Ј branch in the proximal promoter section. As expected, compensating double-nucleotide exchanges within the proposed 3 :8 base-pairing positions in the 3Ј branch are indeed able to restore the cRNA promoter function, which had been lost in several correlated single-nucleotide substitution variants (as represented in one example in Fig. 3A, lane 4) . Similar to the vRNA analysis, the resulting promoter activities differ for the various base pairs introduced in positions 3 :8 (see Fig. 3B ). While the levels of activity achieved upon such base-pair exchanges are different in detail from the corresponding vRNA base-pair exchange data, in both series an A:U base pair yields the highest promoter activity when inserted in positions 3 :8 , and the U:A variants come close to it.
In both the vRNA and the cRNA promoter series an exceptional type of single-nucleotide substitution variant is observed to maintain a moderate level of activity, enhanced in recombinant viral passage. While this observation is true within the vRNA promoter 5Ј branch 3:8 series for the U:G variant (Flick and Hobom, 1999) , in the 3 :8 cRNA promoter nucleotide substitution series it is the A ⅐ C mutation and not the G:U variant that shows a similar result (Fig. 3A, lane 6 ). Both however correspond to each other, since in both cases the same infecting 3:8-U:G vRNA molecule of moderate stability is converted effectively into a population of A ⅐ C mRNA as well as A ⅐ C cRNA molecules, before the latter are transcribedwith reduced efficiency-into the corresponding viral mRNA species, as observed here. An oppositely mismatched construct apparently suffers from its A ⅐ C vRNA m.o.i. 1 bottle-neck starting situation, and the potentially more stable U:G cRNA state might not be in reach for that single-mismatched vRNA template molecule, for which its inactivity in transcription and replication or viral passage has been demonstrated (Flick and Hobom, 1999 ).
An equivalent nucleotide substitution series for 5Ј 3:8 base-pair U:A in the pHL1104 (5Ј-G5) background resulted in loss of function upon any single-nucleotide exchange, but different from the respective vRNA promoter series also failed to regain useful promoter activities when complementary double exchanges were performed (data not shown). However, an absolute requirement for the most active structure carrying base-pair U:A in that position has been observed only in the presence of a guanine residue in tetranucleotide loop position 5 as maintained in the 1104 variant series, while an adenine residue in position 5 as is present in the wild-type sequence resulted in active, even if somewhat lower, ex- pression rates for alternative C:G or G:C base pairs in 3:8, as represented by the wild-type sequence itself, i.e., 3:8-C:G (see Fig. 1 ). This came as a surprise, since the vRNA promoter variants bearing a C residue in 3Ј position 5 (converted into a G residue in the corresponding 5Ј cRNA position 5) had been determined to be superior in vRNA CAT transcription and in overall propagation over the equivalent constructs carrying a uracil residue in 3Ј position 5 (converted into A5 in cRNA; see pHL1104 and pHL1102 in Neumann and Hobom, 1994) . Therefore, the 5Ј-G5 cRNA-constructs had been used initially throughout most of these cRNA promoter studies.
RACE analysis of the 5Ј ends of cRNA transcription and replication products
Transcription of viral template RNA molecules is known to be initiated by a cap-snatching process which employs heterogeneous primer oligonucleotides obtained from cellular mRNAs through viral endonuclease action. In this reaction scheme the PB2 subunit of viral RNA polymerase recognizes and binds to the 7 mGpppG-pN m cap structure at the 5Ј end of host cell mRNA molecules (Ulmanen et al., 1981; Nichol et al., 1981; Braam et al., 1983) , while the transcription of vRNA templates is initiated through primer hybridization and cleavage, and consecutive primer extension by subunit PB1. In contrast initiation of replication, i.e., synthesis of cRNA molecules, along the same vRNA template does not require any primer molecule, and the replication process is initiated at the first nucleotide of the vRNA template and continues up to the last one.
As shown above, upon rearrangement of downstream elements it can be demonstrated that cRNA template molecules do not only play a role during replication, but were also used for transcription into mRNA molecules (at higher rates in promoter-up variants), opposite in orientation relative to standard viral mRNAs. This leaves the question of whether initiation of cRNA transcription similarly employs a cap-snatching mechanism. To answer that question, we used the RACE technique (rapid amplification of cDNA ends; Frohmann et al., 1988; Hirzmann et al., 1993) , by which the cDNA resulting from a reverse transcription reaction either of purified mRNA or of total RNA obtained from infected cells was dG-tailed and amplified by PCR. In this step an internal primer complementary to the CAT coding sequence was used together with primer dC 12 , which binds to the terminal dG n -tailing sequence. In most cases the first PCR amplification reaction was followed in a half-nested fashion by a second round with another, more proximal CAT complementary primer together again with the dC 12 anchor primer. Finally, the mixture of PCR fragments was cleaved at primer-internal restriction sites, cloned into vector pBluescript II SK (ϩ), and sequenced individually. The 5Ј termini of cDNA clones representing the original viral mRNA or vRNA molecules are marked by the C 12 tail sequence present ahead of them.
The RACE procedure was executed for MDCK cells infected by recombinant cRNA promoter construct pHL2583 carrying the standard promoter-up sequence (see Fig. 2A ), and for ambisense cRNA construct pHL2891 with the same promoter-up variant, but in a different structural arrangement within the promoter-adjacent region (see below). A majority of RACE clones obtained and sequenced according to that procedure resulted from vRNA molecules, i.e., these contained the exact 5Ј terminal sequence without any extension. Fifteen clones were found to contain a perfect cDNA sequence and be heterogeneously elongated at their 5Ј termini; these were interpreted to result from mRNA molecules of the same polarity. The 5Ј extensions observed varied between 3 and 21 nucleotides of foreign sequence different in each case, elongations of seven nucleotides in size were found most frequently (see Fig.  4 ). From these results we conclude that the cRNA promoter-controlled initiation of transcription similar to vRNA promoted transcription follows the cap-snatching mode of viral polymerase action. From the results obtained after starting out with a preparation of total RNA from infected cells, we calculate that the ratio of replication to transcription products for the cRNA promoter-controlled initiation reactions was around 10:1 at 10 h postinfection.
Expression of two gene products from bicistronic ambisense RNA molecules
The observation of cRNA-promoted transcription in addition to standard vRNA-directed transcription of viral mRNAs suggests the potential for bidirectional transcription products to be obtained from the same influenza RNA segment. If accordingly constructed, two gene products might be obtained that originate simultaneously from a single bicistronic molecule in ambisense genetic organization. As a prerequisite for both viral mRNA transcription processes to go to completion, U 6 viral polyadenylation signals have been inserted at both 5Ј promoteradjacent positions. The two 5Ј-U 6 signals in vRNA and in cRNA orientation convert into corresponding A 6 sequence elements in both 3Ј subterminal positions and together with opposite 5Ј-U 6 sequences result in extensions of both double-stranded distal promoter elements by an additional, at least potentially, base-paired section of A 6 :U 6 (see Fig. 5B ). Different from the promoter structure itself, that extension might not be covered by associated RNA polymerase.
As a general principle the orientation of all these constructs within the RNA polymerase I expression plas- FIG. 4 . 5Ј RACE analysis of viral mRNA molecules resulting from transcription initiation at the cRNA promoter. The cRNA promoter constructs pHL2583 and pHL2891, both containing the 1104-variant promoter sequence, were used for DNA transfection of 293T cells. Sequence extensions were observed by sequencing across the 5Ј boundaries of individual clones derived from the RACE analysis, which started out from mRNA preparations of transfected 293T and MDCK cells. 5Ј extensions consist of a collection of individual sequences, which are not of viral origin, equivalent to the 5Ј extensions as observed earlier for viral mRNA molecules under vRNA promoter control (Krug et al., 1989) . mids has been chosen in such a way that the primary RNA species synthesized by the cellular enzyme would be the cRNA molecule. While the cRNA-promoted transcription will then occur in a single step with viral RNA polymerase provided by the FPV helper virus, expression of vRNA-promoted transcription from these ambisense RNAs requires conversion of cRNA molecules into vRNAs by replication as a prerequisite. That choice reflects the inferior initiation rates for the cRNA promoter relative to the vRNA promoter, at least in transcription. However, in passaging recombinant viral progeny to another cell, that order of transcription events is indeed inverted, since it is the vRNA molecule that becomes packaged and hence is available first in the infected cell.
To analyze the abovementioned necessary rearrange-ments in the promoter-adjacent section independent from any additional changes in the insert region, we first inserted only the monocistronic CAT reporter gene in between such reconstructed, i.e., ambisense, promoter elements in either orientation, for expression by that altered vRNA or cRNA promoter, respectively. That pair of plasmid constructs, pHL2959 and pHL2957, therefore, is directly comparable with reference plasmids pHL1844 and pHL2583 carrying standard vRNA and cRNA promoter-up sequences, respectively, i.e., without adjacent U 6 /A 6 extensions as present in the two ambisense promoter constructs. Only mild reductions in CAT activity are observed in that comparison (see Fig. 5C, lanes 4 and 5) .
In the next step a second reporter gene, GFP, has been added in overall ambisense arrangements with CAT yielding a pair of complete ambisense constructs, pHL2960 and pHL2989, in which CAT expression is controlled by the vRNA or cRNA promoter, respectively, and vice versa for the GFP coding mRNA synthesis. While CAT expression is observed in either direction (see Fig.  5C, lanes 6 and 7) , GFP fluorescence is prominent only in pHL2989 transfected cells, i.e., when controlled by the vRNA promoter, and is not easily observed in pHL2960transfected cells, when connected to the cRNA promoter in these ambisense expression constructs (not shown). Both types of bicistronic vRNA molecules are included in the packaging process, however, and become accumulated in viral passaging (Fig. 5D) .
The reduced expression of ambisense construct pHL2989 relative to pHL2957 may be due in part to the increase in insert size, ϳ1550 relative to ϳ750 nucleotides. More specifically, however, it may result from the presence of two viral mRNA molecules in the infected cell that are complementary to each other over their entire lengths. Also, in their distal halves these mRNAs will not be associated with ribosomes engaged in translation, thereby potentially interacting with each other and causing the formation of double-stranded RNAs. This would result in a reduction of the effective mRNA concentrations, in particular, for the minority species, i.e., the cRNA-promoted transcription product. To interfere with that reaction we have introduced two pairs of splice signals into the ambisense RNA sequence, in a position and orientation able to remove the 3Ј nontranslated and antisense sections within both mRNAs, and only leave the 5Ј translated halves in direct connection with the terminal 3Ј poly(A) tail sections. However, not much improvement in the CAT expression rates was observed in the respective construct, pHL3145, in comparison to pHL2989 (33% instead 21% activity relative to reference pHL1844, not shown). Possibly, the pre-mRNAs while involved in the splice processes may be maintained and accumulated locally in the nucleus, resulting even in a promotion of double-strand formation, which then might compensate for any reduction of hybridization achieved through removal of the distal halves of both mRNAs. However, even with that problem remaining for further improvement, the expression rates achieved so far not only in vRNA-promoted, but also in cRNA-promoted, ambisense transcription are clearly above the vRNA wildtype promoter expression rates, and the bicistronic reporter gene segments are accumulated during viral passage in the absence of selection, which proves their efficient replication.
DISCUSSION
While influenza virus cRNA molecules are well known as replication intermediates, serving as templates for the synthesis of progeny vRNA molecules, they are shown here for the first time to also have the capacity to initiate antisense viral mRNA transcription. The observed initiation of transcription at the cRNA promoter and its variants, a process different from initiation of replication and requiring 5Ј-cap containing oligonucleotide primers of cellular origin, completes the functional analogy with the influenza vRNA promoter, which is known for its dual activities in replication as well as transcription (Krug et al., 1989; Lamb and Krug, 1996) . While detection of the principle capacity for transcription initiation at the cRNA promoter was made possible here through inversion of the reporter gene coding sequence and relocation of the viral 3Ј polyadenylation signal, these measures would not directly influence the initiation reaction as such. Antisense transcription of unaltered cRNA segments and the function if any of resulting mRNA-like molecules during wild-type influenza virus propagation remain to be determined. Setting up a system for studying cRNA promoted transcription was undertaken as a prerequisite for analyzing the activated state of the cRNA promoter, i.e., in viral RNA polymerase association. Even though infected cells roughly contain populations of vRNA vs cRNA molecules in a 10:1 ratio (Mukaigawa et al., 1991) , the cRNA promoter structure could be determined in the presence of that surplus amount and overlapping structure of vRNAs, because of its direct connection with a reporter gene transcription unit in the respective orientation. Helpful in this regard was the synthesis of cRNA molecules rather than vRNA molecules by RNA polymerase I after plasmid cDNA transfection due to the orientation of the cDNA insert.
From a series of single-and double-nucleotide substitutions according to expected complementary interactions in the proximal and distal promoter elements, we conclude that the influenza cRNA promoter in its binding to viral polymerase is adhering to the corkscrew model. While this result resembles the interaction of vRNA molecules with viral polymerase (Flick et al., 1996; Flick and Hobom, 1999) in principle, there are a number of differences in detail in structure as well as function. The fundamental difference in structure between the terminal cRNA and vRNA sequences consists of an extra, unpaired nucleotide U1 0 in the 3Ј branch instead of an unpaired A10 in the 5Ј branch, located in between the base-paired proximal and distal structural elements (see Fig. 2A ). While that extra nucleotide right in the center of the promoter sequence is not itself directly and specifically recognized by viral polymerase, it is expected to create a bulged overall conformation at the connecting element between the two rigid structures to its left and right, recognized by viral polymerase in their particular size and orientation. This is supported by the observation that both a deletion and a duplication of that angular A10 adenosine through insertion of another A residue next to it renders the resulting promoter variant completely in-active, while nucleotide substitution derivates in position 10 are viable (Flick et al., 1996) .
In comparison it is surprising that an inverted orientation of that bulged promoter conformation due to that extra nucleotide in position 3Ј-U1 0 instead of 5Ј-A10 is recognized with almost similar efficiency by the same protein, viral polymerase. However, it has been shown that vRNA and cRNA molecules are interacting with different and widely separated binding sites within the PB1 subunit polypeptide chain (Gonzales and Ortin, 1999) . Also widely separated and overlapping with the two vRNA promoter binding sites are the two polypeptide positions involved in vRNA 5Ј-terminal and 3Ј-terminal UV-crosslinking reactions in vitro (Li et al., 1998) . These observations appear to be reflected in our data regarding the functional deviations in detail between the vRNA and cRNA nucleotide substitution analyses, which concern in particular the 5Ј-proximal branch of either promoter sequence. In this regard, the absolute requirement for nucleotide 5Ј-G5 in the vRNA single-stranded tetranucleotide loop sequence suggesting a direct interaction with polymerase appears to be converted in the cRNA promoter into an alternative requirement for 5Ј-A5 or 5Ј-G5 instead, with preference for A5. The vRNA wild-type sequence is indeed heterogeneous with regard to the pair of nucleotides 5Ј-G5 and 3Ј-U 5 , since the latter converts into 5Ј-A5 in cRNA. The binding profiles for the other, less strictly defined positions in the cRNA single-stranded tetranucleotide loops (4-7/4 -7 ) remain to be determined through nucleotide substitution analyses. Here, the two different PB1 binding sites may be expected to yield further differences between the cRNA and vRNA requirements for specific recognition by polymerase. Divergent interaction of vRNA and cRNA termini with viral polymerase also leads to packaging only of vRNP and not of cRNP molecules into progeny virions (Tchatalbachev et al., 2001) .
A number of quantitatively different results obtained for equivalent substitutions in the cRNA vs vRNA promoter structure (see Figs. 2A, 2B and 3A, 3B) also support the interpretation of a direct observation of cRNApromoted transcription. Since in the infection cycle cRNA template molecules become available only through vRNA replication as a prerequisite, this requirement leads to divergent consequences in the special case of G:U/A ⅐ C mismatched pairs of derivatives as described under Results.
In combining cRNA transcription with vRNA transcription in bicistronic segments in ambisense genetic organization, two problems had to be overcome. Introduction in both directions of viral polyadenylation signals: U 5-6 in adjacent positions relative to the 5Ј promoter sequences resulted in an extra five to six A:U base pairs, effectively extending the double-stranded distal promoter element by that number of (potential) base pairs. Apparently this irregular structural element did not reduce the activity of either promoter (see Figs. 5C and 5D), possibly since initiation of transcription or replication through mobilization of the 3Ј template sequence necessarily leads to strand separation within the entire promoter structure. The second problem encountered in ambisense bidirectional transcription results from the presence of both viral mRNAs in the cell, which are complementary to each other over their entire lengths. These are translated only in their 5Ј halves, and not in their 3Ј sections, which in either molecule consist of the second coding sequence, in antisense orientation. The observed reduction in expression of the minority viral mRNA species, i.e., the one controlled by the less active cRNA promoter, apparently indicates its titration through RNA double-strand formation. An attempt to get around this effect through insertion of pairs of consensus splice signals in flanking positions relative to the mRNA antisense distal halves was only partially successful, possibly because it resulted locally in increased concentrations of both complementary pre-mRNAs undergoing such splicing reactions. Other means are currently being studied to solve this problem and achieve higher rates of simultaneous expression of two genes from a single RNA segment, i.e., in ambisense covalent linkage to each other as is physiologically the case for arenavirus LCMV. Divergent expression rates for the two genes under control of the cRNA and the vRNA promoter, respectively, would be an advantage in achieving a coordinate synthesis of all viral gene products in the presence of an increased expression rate for the foreign gene, in stable recombinant influenza viruses.
MATERIALS AND METHODS
Plasmid constructions
The pHH21 cloning vector (Hoffmann, 1997; Hoffmann et al., 2000) was used in constructing the various recombinant influenza cDNA templates designed to be transcribed in vivo into influenza vRNA or cRNA molecules by cellular RNA polymerase I. pHH21 includes the human rDNA core promoter region (Ϫ411 to Ϫ1) and the murine terminator sequence (Neumann et al., 1995) . Between these two elements, influenza cDNA constructs were exactly incorporated through PCR fragment cloning in antisense or in sense orientation with reporter genes chloramphenicol acetyl transferase (CAT) or green fluorescent protein (GFP) substituting for the influenza gene coding sequence. Influenza promoter sequence variants were constructed by designing the 5Ј and the 3Ј flanking PCR primers accordingly with specific substitutions in the promoter cDNA sequence. Thus, various PCR-CAT fragments obtained after BsmBI cleavage in flanking positions were inserted into BsmBI-digested pHH21.
In most cases including reference plasmid pHL1844 the vRNA promoter carried three point mutations in the 3Ј viral promoter sequence (3Ј-G 3 A, U 5 C, C 8 U: 3Ј-UCAUCUUUGUUCCCCAU-5Ј), as originally introduced into plasmid pHL1104 (Neumann and Hobom, 1994) . Equivalently a large part of the cRNA promoter constructs carried three complementary substitutions in its 5Ј branch sequence (5Ј-C 3 U, A 5 G, G 8 A).
All plasmid constructs have been verified either by sequencing across the mutated flanking regions, while the central region was exchanged for an authentic, i.e., non-PCR fragment, or by sequencing across the entire CAT-DNA insert.
Ambisense constructions were done accordingly in two steps instead of one for insertion of both CAT and GFP in opposite directions to each other.
Cells and viruses
Influenza A/FPV/Bratislava (H7/N7) was propagated in Madin-Darby canine kidney (MDCK) cells. Human 293T cells were used for DNA transfection and consecutive superinfection with FPV helpervirus. The resulting recombinant viruses were propagated for one or more rounds on MDCK cells. 293T and MDCK cell lines were cultured in Dulbecco's modified Eagle's Medium (DMEM; Gibco/BRL), supplied with 10% fetal calf serum (FCS) and PEN-STREP antibiotics.
Lipofectamine DNA transfection and influenza A infection
293T cells which were used for transfection and helper virus infection were hardly adherent to the cell culture plates and therefore had to be handled with care. Approximately 3.6 ϫ 10 6 293T cells were transfected with 2.5 g of plasmid DNA. The DNA was added to 92 l serum-free DMEM medium, supplied with 8 l Lipofectamine plus reagent (Gibco/BRL). After 15 min of incubation at room temperature, 6 l Lipofectamine (Gibco/BRL), diluted in 94 l serum-free DMEM medium, was added to that DNA mixture. After further incubation for 15 min, the whole mixture was poured carefully over the cells, which had been washed before with PBS. Five hours later, the serum-free medium was replaced by medium containing 10% FCS and the transfected cells were incubated for another 21 h. On the next day the cells were washed with PBS ϩ (2.5 mM MgCl 2 added) and superinfected with FPV helper virus at a multiplicity of infection of 1. The infected cells were washed after 60 min and incubated with medium containing 10% FCS for 12 h.
Passage of progeny virus
Approximately 3.6 ϫ 10 6 MDCK cells were incubated for 60 min with 1 ml of supernatant obtained from the previous infection, which contained the progeny virus. Thereafter, 4 ml of medium containing 10% FCS was added to the cells, which were incubated for another 10 h before harvesting.
CAT assay
Cells were harvested after the infection period by centrifugation, and cell lysates were prepared as described by Gorman et al., 1982 . Fifty microliters of the undiluted or appropriately diluted cell lysate were mixed with 10 l acetyl-CoA (4 mM) and 8 l fluorescentlabeled chloramphenicol (boron dipyrromethane difluoride-fluorophore; BODYBY CAM substrate, Flash CAT Kit, Stratagene) and incubated for 4 h at 37°C. The reaction products were extracted by adding 500 l ethyl acetate, followed by mixing and phase separation for 5 min at 13,000 rpm. The upper phase (450 l), which contains the reaction products, was transferred into another tube and vacuum dried. The pellet was resolved in 20 l ethyl acetate and placed on a thin-layer chromatography plate (TLC plate) to separate the reaction products using a solvent mixture of chloroform and methanol (174:26). The reaction products were finally visualized by UV illumination and quantitatively evaluated using the WinCam system (Cybertech, Berlin, Germany). Ratios of activity have been calculated for individual promoter variants relative to vRNA promoter reference construct pHL1844, as observed in appropriately diluted cell lysates used in assays with less than 30 to 50% product formation, while the reactions presented in the figures employ 50 l of cell lysates throughout for better overall comparison.
RACE determination of the 5Ј ends of viral mRNA and vRNA molecules
RNA was isolated from infected cells using the RNeasy Mini Kit (Qiagen) according to the manufacturer's introduction. Five micrograms of total RNA or oligo(dT)-adsorbed mRNA was incubated at 70°C for 10 min, cooled on ice, and added to the reverse transcriptase reaction mixture (5 l 10ϫ RT buffer; 50 U Moloney murine leukemia virus reverse transcriptase (Stratagene), 10 mM each of the dNTPs, 28 U RNasin (Promega), 100 M primer oligonucleotide CAT-II (5Ј-CATCG-CAGTTACTGTTGTAA-3Ј) or instead of dT-oligonucleotide XhoI/SalI-T21 (5Ј-ATACTCGAGTCGACTTTTTTTTTTTTTT-TTTTTTT-3Ј)), and brought up to a final volume of 50 l with H 2 O. The RT reaction (15 min: 42°C; 45 min: 37°C; 5 min: 95°C) was followed by a purification step to get rid of the unused primer and dNTPs. For the consecutive dG-tailing reaction, the purified reaction mixture (50 l) was added to 13 l of 5ϫ tailing buffer, 15 U terminal deoxynucleotide transferase (TdT, Gibco/BRL), and 10 mM GTP within a total reaction volume of 65 l. The mixture was incubated for 30 min at 37°C before the TdT enzyme was inactivated for 10 min at 75°C.
The dG-tailed reverse transcription products (20-35 l) were amplified using a BglII/BclI-dC12 oligonucleotide primer (5Ј-GAAGATCTGATCAGGATC 12 -3Ј) together with CAT specific antisense primer CAT-III (5Ј-CGGTG-TAAGGGTGAA-3Ј). In a second step of an altogether half-nested PCR amplification a more proximal CAT specific antisense primer CAT-VI (5Ј-AATAGAATTCAGCAT-TCATCAGGCGGGC-3Ј) was used together with the dC12 anchor primer (5Ј-CCATCGATGAAGATCTGATCAGGAT-C 12 -3Ј). The PCR reaction products were purified using a PCR purification kit (Qiagen). The resulting DNA fragment was isolated from a 0.8% PAA gel, cut with EcoRI/ BamHI, and cloned into a pBSK standard plasmid. The clones obtained in this way were finally sequenced for determination of the cRNA and corresponding species of mRNA 5Ј ends.
